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Tree growth and resource uptake
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Mycorrhizal symbiosis
ǡǯǣ
Ǥ  Ǧ       
 ǡ  
Ǥ
             
    ȋͤ͜͜͞Ȍǡ   
    ȋ  Ǧ ͜͜͟͞Ȍǡ    
  ȋǤǤ Ȍ   ȋ  Ǥ ͜͢͞͝ȌǤ ǡ 
Ǧǡ
ǦǦǤ
   ǡ         

ȋǤ͜͜͞͝ȌǤǡǦǡ
ǡȋǤͥͥ͝͡ǢǤ͜͞͝͡Ȍǡȋ
Ǥ͜͟͞͝ȌȋǤ͜͜͞͞ȌǤǡ
       
Ǥǡ
Ǧȋ	Ǥ͜͞͝͡ȌǤǦǡ
ǦȋǤ͜͜͞͡Ǣ
Þ  Ǥ ͜͞͝͞ȌǤ        
ǡǤǤǤǦ
   Ǧ     
 Ǥ   ǡ     
Ǧǡ
Ǥ
A whole-tree perspective on tree growth
     Ǧ ǡ     
Ǧ      Ǥ     
ǡȋͥͥ͝͠ȌǤ
       ǡ  
1͡
͝͞
ǡ
ȋǤͥͥͤ͝ǢǤ͜͜͢͞ȌǤ
ǡ           
ȋǤ ͥͥ͝͞ǢǤ ͥͥͣ͝ǢǤ
͜͜͞͠ȌǤ  
ǡǦǤ
ǡ           

ȋ   ͜͜͜͞Ǣ À  Ǥ ͜͜͞͠Ǣ  Ǥ ͜͜͞͠Ǣ Ó  Ǥ ͥ͜͜͞Ǣ
  Ǥ ͜͢͞͝ȌǤ         
ȋǤͥͥͤ͝Ǣ͜͜͢͞Ȍǡ
  ȋ  Ǥ ͜͜͢͞Ǣ   Ǥ ͜͢͞͝Ȍǡ   
ȋǤͥͥͣ͝ǢÀǤ͜͜͞͠ǢÀǤͣ͜͜͞Ǣ
Ǥ͜͟͞͝ȌǤ
ǡǦǦ
   Ǧ       ȋǤǤ
   ͜͜͞͠Ǣ   Ǥ ͜͜͢͞Ǣ    ͥ͜͜͞Ǣ
  Ǥ ͜͞͝͞Ǣ    ͜͟͞͝Ǣ   Ǥ ͜͞͝͠Ǣ   Ǥ ͜͞͝͡Ǣ
ǦǤ͜͞͝͡ȌǤǦ

 ȋ ͝Ǥ͝ȌǤ        
ǡ
ȋ͜͞͝͠ȌǤǡ
ǡǦ
Ǥ          ȋ  
   Ǣ  ͝Ǥ͝Ȍ      
ȋ͜͜͜͞Ǣ
Ǥ͜͞͝͝Ǣ͜͞͝͠ȌǤ
      
ǡ   ȋǤǤ  Ǥ ͜͜͢͞Ǣ  Ǥ ͜͞͝͞Ǣ
 Ǥ ͜͟͞͝Ǣ Ǥ ͜͟͞͝Ǣ Ǥ ͜͞͝͠ȌǤ   
        Ǧ   
     Ǥ   ǡ     Ǥ
      Ǧ ǡ   ǡ   
  Ǧ      
ǦǡǤ


͟͝
Mycorrhizal symbiosis
ǡǯǣ
Ǥ  Ǧ       
 ǡ  
Ǥ
             
    ȋͤ͜͜͞Ȍǡ   
    ȋ  Ǧ ͜͜͟͞Ȍǡ    
  ȋǤǤ Ȍ   ȋ  Ǥ ͜͢͞͝ȌǤ ǡ 
Ǧǡ
ǦǦǤ
   ǡ         

ȋǤ͜͜͞͝ȌǤǡǦǡ
ǡȋǤͥͥ͝͡ǢǤ͜͞͝͡Ȍǡȋ
Ǥ͜͟͞͝ȌȋǤ͜͜͞͞ȌǤǡ
       
Ǥǡ
Ǧȋ	Ǥ͜͞͝͡ȌǤǦǡ
ǦȋǤ͜͜͞͡Ǣ
Þ  Ǥ ͜͞͝͞ȌǤ        
ǡǤǤǤǦ
   Ǧ     
 Ǥ   ǡ     
Ǧǡ
Ǥ
A whole-tree perspective on tree growth
     Ǧ ǡ     
Ǧ      Ǥ     
ǡȋͥͥ͝͠ȌǤ
       ǡ  
͡
͝͠
ǦǤ	ǡǡ
    ǡ      Ǥ
ǡ
      Ǥ   
      Ǥ
Ǧ
      ǡ     Ǣ 
         ȋ   ͥͥͥ͝Ǣ
  Ǥ ͜͜͢͞Ǣ 	  Ǥ ͜͜͞͝Ȍǡ     ȋ  Ǥ ͜͜͞͡Ǣ
Ǥ͜͟͞͝ǢǦǤ͜͞͝͡ȌǤ
        
          Ǥ 
Ǧ
ǡǡ
Ǥ            Ǥ
ǡǦ
Ǥ     
 ǡ     ǤǤ   ȋ  Ǥ ͜͜͞͝Ǣ
   ͜͞͝͞ȌǤ   ǡ      
 ǡ         Ǥ ǡ 
           
Ǧȋ͜͞͝͞ȌǤ
ǡǦ
ǦǤǡ
    ǡ       ȋȌ
Ǥ	ǡǦ
  Ǣ        
  ǡ          
 ǡ  Ǥǡ
Ǧǡ
Ǥ
 


͝͡
Rationale and research questions 
 ǡ      Ǧ   
ǦǤǡǦ

͝ȌǦǡǡ͞Ȍ
ǦǦǤ
           
     ǡ    ǡ     
Ǥ ǡ          
ǡ  
Ǥ
       ǣ   Ǧ
ǫ
   ǡ     Ǧ  Ǧ
ǡǦ
ǣ

͝Ǥ 
ǫ
͞Ǥ  Ǧ         
ǫ
͟Ǥ Ǧ
ǫ
͠Ǥ  Ǧ   Ǧ  Ǧ  
ǫ
Thesis outline  
͞͟Ǧȋ͞ȌǦ
ȋ͟ȌǤǡ͜͝

  Ǥ   ǡǦ
ǡǦǦǦ
1͡
͝͠
ǦǤ	ǡǡ
    ǡ      Ǥ
ǡ
      Ǥ   
      Ǥ
Ǧ
      ǡ     Ǣ 
         ȋ   ͥͥͥ͝Ǣ
  Ǥ ͜͜͢͞Ǣ 	  Ǥ ͜͜͞͝Ȍǡ     ȋ  Ǥ ͜͜͞͡Ǣ
Ǥ͜͟͞͝ǢǦǤ͜͞͝͡ȌǤ
        
          Ǥ 
Ǧ
ǡǡ
Ǥ            Ǥ
ǡǦ
Ǥ     
 ǡ     ǤǤ   ȋ  Ǥ ͜͜͞͝Ǣ
   ͜͞͝͞ȌǤ   ǡ      
 ǡ         Ǥ ǡ 
           
Ǧȋ͜͞͝͞ȌǤ
ǡǦ
ǦǤǡ
    ǡ       ȋȌ
Ǥ	ǡǦ
  Ǣ        
  ǡ          
 ǡ  Ǥǡ
Ǧǡ
Ǥ
 


͝͡
Rationale and research questions 
 ǡ      Ǧ   
ǦǤǡǦ

͝ȌǦǡǡ͞Ȍ
ǦǦǤ
           
     ǡ    ǡ     
Ǥ ǡ          
ǡ  
Ǥ
       ǣ   Ǧ
ǫ
   ǡ     Ǧ  Ǧ
ǡǦ
ǣ

͝Ǥ 
ǫ
͞Ǥ  Ǧ         
ǫ
͟Ǥ Ǧ
ǫ
͠Ǥ  Ǧ   Ǧ  Ǧ  
ǫ
Thesis outline  
͞͟Ǧȋ͞ȌǦ
ȋ͟ȌǤǡ͜͝

  Ǥ   ǡǦ
ǡǦǦǦ
͡
͢͝
      Ǧ Ǥ     
 Ǧ         
Ǧǡ
ȋ͟ȌǤ
 ͠  ͡           
   Ǥ  ͠   Ǧ  Ǥ  
Ǧ Ǧ ǡ
  ȋ	  ǤȌ   ȋ  ȋǤȌ ǤȌ   
ǤǦ
Ǧȋ͞Ȃ͠ȌǦ
    Ǥ    Ǧ   
Ǧǡ
   Ǥ     ȋ ͢Ȍǡ   
ǡ
ǦǤ



















ͣ͝
1͡
͢͝
      Ǧ Ǥ     
 Ǧ         
Ǧǡ
ȋ͟ȌǤ
 ͠  ͡           
   Ǥ  ͠   Ǧ  Ǥ  
Ǧ Ǧ ǡ
  ȋ	  ǤȌ   ȋ  ȋǤȌ ǤȌ   
ǤǦ
Ǧȋ͞Ȃ͠ȌǦ
    Ǥ    Ǧ   
Ǧǡ
   Ǥ     ȋ ͢Ȍǡ   
ǡ
ǦǤ



















ͣ͝
͞Ǥ 
͜͝

ǡǡ
ǤǤǦǡ	Ǥ
	ȋͣ͢͠͡Ȍͣͦ͠ǣͤ͢͡Ȃͤͩ͡
͞Ǥ 
͜͝

ǡǡ
ǤǤǦǡ	Ǥ
	ȋͣ͢͠͡Ȍͣͦ͠ǣͤ͢͡Ȃͤͩ͡
͢
͜͞
Abstract 
 
Ǥ  ǡ          

  Ǥ      ǡ  
           
Ǥ
 
      ͜͝      
ǡȋǤǤȌǤ
ǡ
ǯ     ǡ     
ǦǤ
    ǡ ǡ
ǡ   ȋȌǡ    ǡ 
Ǥ
͜͝ȋ͟ǤͥȂ
͠Ǥͤ  Ǧ͝Ȍǡ      Ǧ  
  Ǥ  ǡ   Ǧ   ǡ
ȋ͢ǤͤǦ͝ȌǤ
ǡǤǡ
          
    Ǥ    
       Ǧ ǡ    
Ǧ Ǥ         
Ǥ
ǡ
         ǡ  
   Ǧ  Ǥǡ 
          
  Ǧ         
Ǥ

͞͝
Key words 
 ǡ ǡ ǡ  ǡ  ǡ

2͢
͜͞
Abstract 
 
Ǥ  ǡ          

  Ǥ      ǡ  
           
Ǥ
 
      ͜͝      
ǡȋǤǤȌǤ
ǡ
ǯ     ǡ     
ǦǤ
    ǡ ǡ
ǡ   ȋȌǡ    ǡ 
Ǥ
͜͝ȋ͟ǤͥȂ
͠Ǥͤ  Ǧ͝Ȍǡ      Ǧ  
  Ǥ  ǡ   Ǧ   ǡ
ȋ͢ǤͤǦ͝ȌǤ
ǡǤǡ
          
    Ǥ    
       Ǧ ǡ    
Ǧ Ǥ         
Ǥ
ǡ
         ǡ  
   Ǧ  Ǥǡ 
          
  Ǧ         
Ǥ

͞͝
Key words 
 ǡ ǡ ǡ  ǡ  ǡ

͢
͞͞
Introduction 

ǡǦ
ȋǤͣ͜͜͞ǢǤ͜͜͞͝ȌǤ
      ǡ     
   ȋ ͜͜͞͡Ǣ   Ǥ ͜͞͝͝Ȍ  
     ȋ  Ǥ ͥ͜͜͞Ǣ  Ǥ ͜͜͞͝ȌǤ  
     Ǥ     
  ǡ       ǡ 
  ȋ±Ǥ
͜͜͢͞ȌǤ   ǡ        
 ȋ±Ǥ͜͜͢͞ǢǤͤ͜͜͞ȌǤ 
 ǡ           ǣ
ȋǤ͜͜͞͝Ȍǡ
ȋǤͥ͜͜͞ȌǤ
ǡ
ȋǤǤǤͣ͜͜͞ǢǤ
ͥ͜͜͞ǢǤͥ͜͜͞Ǣ±͜͞͝͝ǢǤ͜͞͝͝Ȍǡ
ǯȋǤǤǤͣ͜͜͞ǢǤ͜͞͝͝Ȍǡ
ǦǤ
ȋǤǤȌǤǡ

Ǧ       
ǡǤ
ǡ
           Ǥ
	ǡ
Ǥ
            
ǡ
͜͝ǡ
Ǥ
ǦǡȋǤ

͟͞
͜͞͝͞Ȍǡȋͤ͜͜͞ȌǤ
      ǡ      
   ȋ   ͜͜͢͞ȌǤ     
        ȋ
ǡ ͥͣ͝͠Ȍ  Ǧ

  Ǧ Ǥ Ǧ    
        Ǥ     
 Ǧǡȋ

ͥͣ͝͠Ǣ͜͜͜͞ǢǤ͜͜͟͞ǢÀǤ͜͜͞͠ȌǤ
	   ǡ      Ǧ
      Ǧ    Ǧ 
ǦǤǡǦ
Ǧ
ǡ
 Ǥ  
           
     Ǥ     

ȋǤ͜͜͟͞ȌǤ
   ǡ        
           
 ǡ    
ǦȋǤ
͜͞͝͞ȌǤ            
ǡ͟͡Ȃ͜͠Ǧ͜͝
ȋ͞Ǥ͝ȌǡǤ
       ǡ ǡ 
 ȋȌǡ ǡ       
ǦǤ
2͢
͞͞
Introduction 

ǡǦ
ȋǤͣ͜͜͞ǢǤ͜͜͞͝ȌǤ
      ǡ     
   ȋ ͜͜͞͡Ǣ   Ǥ ͜͞͝͝Ȍ  
     ȋ  Ǥ ͥ͜͜͞Ǣ  Ǥ ͜͜͞͝ȌǤ  
     Ǥ     
  ǡ       ǡ 
  ȋ±Ǥ
͜͜͢͞ȌǤ   ǡ        
 ȋ±Ǥ͜͜͢͞ǢǤͤ͜͜͞ȌǤ 
 ǡ           ǣ
ȋǤ͜͜͞͝Ȍǡ
ȋǤͥ͜͜͞ȌǤ
ǡ
ȋǤǤǤͣ͜͜͞ǢǤ
ͥ͜͜͞ǢǤͥ͜͜͞Ǣ±͜͞͝͝ǢǤ͜͞͝͝Ȍǡ
ǯȋǤǤǤͣ͜͜͞ǢǤ͜͞͝͝Ȍǡ
ǦǤ
ȋǤǤȌǤǡ

Ǧ       
ǡǤ
ǡ
           Ǥ
	ǡ
Ǥ
            
ǡ
͜͝ǡ
Ǥ
ǦǡȋǤ

͟͞
͜͞͝͞Ȍǡȋͤ͜͜͞ȌǤ
      ǡ      
   ȋ   ͜͜͢͞ȌǤ     
        ȋ
ǡ ͥͣ͝͠Ȍ  Ǧ

  Ǧ Ǥ Ǧ    
        Ǥ     
 Ǧǡȋ

ͥͣ͝͠Ǣ͜͜͜͞ǢǤ͜͜͟͞ǢÀǤ͜͜͞͠ȌǤ
	   ǡ      Ǧ
      Ǧ    Ǧ 
ǦǤǡǦ
Ǧ
ǡ
 Ǥ  
           
     Ǥ     

ȋǤ͜͜͟͞ȌǤ
   ǡ        
           
 ǡ    
ǦȋǤ
͜͞͝͞ȌǤ            
ǡ͟͡Ȃ͜͠Ǧ͜͝
ȋ͞Ǥ͝ȌǡǤ
       ǡ ǡ 
 ȋȌǡ ǡ       
ǦǤ
͢
͞͠
Methods 
Study site 
	ǡ
ȋ͙ͤ͡͞͞ǯǡ͙͢͡͞ǯȌǤ
ͥ͢͜͝͠Ǥ
ȋ	͞Ǥ͝Ȍ
   ͤ͜͜  ȋǡ ͥ͜͜͞ȌǤ    
ͥ͜͜   ͥ͢͜͝ ͥͣ͜͝ǡ
Ǥ
      Ǧ ȋ  ͞Ǥ͝  
ǢǤ͜͜͜͞ǢǤ͜͞͝͞Ȍ
   ȋǡ ǤǤȌǤ 
      
ȋǤǡȌǡ
  ͝Ǥ͢  ͝Ǥ͞       ͣ͝   
ȋǦ
ǡ͜͞͝͝ȌǤ
	͞Ǥ͝ǡǤ
ȋȌȋȌͥ͢͜͝Ȃ͜͜͞͝Ǥ
-DQ )HE 0DUFK $SU 0D\ -XQH -XO\ $XJ 6HSW 2FW 1RY 'HF
0RQWK
0H
DQ
SU
HF
LSL
WDW
LRQ
P
P






0H
DQ
  WH
PS
HUD
WXU
H  
o
 &
	







͞͡
ǡ
ȋǤ͜͜͞͞Ȍǡ
 ͜͡     Ǥ     ȋȌǡ
 ȋϓȌǡ  ȋȌǡ   ȋ Ǧ͞Ȍ Ǥ 
     ǯ   
ȋǤ͜͜͞͞ȌǤ
ȋ
 Ȍ         
ȋǦ
ǡ͜͞͝͝Ȍǡ
 ǡ  Ǥ
ȋͣ͝ǡͥͤ͝͝Ȃͥͥͣ͝Ȍǡ͟͞
          ȋ ϋ ͜Ǥͥ͠ȌǤ  
      ǣ  ȋ͝  Ȃ ͟͝ Ȍ 
 ȋ͝  Ȃ ͟͝ Ȍǡ     ȋ  
ȌȋǡȌǤ
ǡ
ȋ	͞Ǥ͞ǡϋ͜Ǥ͡͠ǡ
ώ ͜Ǥ͜͡ǡ  ϋ ͣ͝ȌǤ   ǡ     
  ȋ	 ͞Ǥ͞ǡ  ϋ ͜Ǥ͜͝Ǥ  ϋ ͜Ǥͣ͜ǡ  ϋ ͣ͝ȌǤ   
  ǡ 
ȋȌǤ
ȋϋǦ͜Ǥͣ͠ǡώ͜Ǥ͜͝ȌȋϋǦ͜Ǥ͡͠ǡώ͜Ǥ͜͜͝ȌǡȋϋǦ
͜Ǥ͟͠ǡ  ώ ͜Ǥ͜͝ȌǤ       ȋ	 ͞Ǥ͞ǡ  ϋ
͜Ǥ͟͞ǡώ͜Ǥ͜͡ǡϋ͜͠Ȍȋ	͞Ǥ͞ǡϋ͜Ǥͤͣǡώ͜Ǥ͜͜͝ǡϋ͜͠ȌǤ
ȋȌȋϋ͜Ǥͥͣǡώ͜Ǥ͜͜͝ǡϋ͜͠Ȍǡ
ȋϋ͜Ǥ͠͠ǡώ͜Ǥ͜͝ǡϋ͜͠Ȍǡ
ȋϋ͜Ǥͤ͞ǡώ͜Ǥ͜͜͝ǡϋ͜͠Ȍȋϋ͜Ǥ͠͠ǡώ͜Ǥ͜͝ǡϋ͜͠ȌǤ
2͢
͞͠
Methods 
Study site 
	ǡ
ȋ͙ͤ͡͞͞ǯǡ͙͢͡͞ǯȌǤ
ͥ͢͜͝͠Ǥ
ȋ	͞Ǥ͝Ȍ
   ͤ͜͜  ȋǡ ͥ͜͜͞ȌǤ    
ͥ͜͜   ͥ͢͜͝ ͥͣ͜͝ǡ
Ǥ
      Ǧ ȋ  ͞Ǥ͝  
ǢǤ͜͜͜͞ǢǤ͜͞͝͞Ȍ
   ȋǡ ǤǤȌǤ 
      
ȋǤǡȌǡ
  ͝Ǥ͢  ͝Ǥ͞       ͣ͝   
ȋǦ
ǡ͜͞͝͝ȌǤ
	͞Ǥ͝ǡǤ
ȋȌȋȌͥ͢͜͝Ȃ͜͜͞͝Ǥ
-DQ )HE 0DUFK $SU 0D\ -XQH -XO\ $XJ 6HSW 2FW 1RY 'HF
0RQWK
0H
DQ
SU
HF
LSL
WDW
LRQ
P
P






0H
DQ
  WH
PS
HUD
WXU
H  
o
 &
	







͞͡
ǡ
ȋǤ͜͜͞͞Ȍǡ
 ͜͡     Ǥ     ȋȌǡ
 ȋϓȌǡ  ȋȌǡ   ȋ Ǧ͞Ȍ Ǥ 
     ǯ   
ȋǤ͜͜͞͞ȌǤ
ȋ
 Ȍ         
ȋǦ
ǡ͜͞͝͝Ȍǡ
 ǡ  Ǥ
ȋͣ͝ǡͥͤ͝͝Ȃͥͥͣ͝Ȍǡ͟͞
          ȋ ϋ ͜Ǥͥ͠ȌǤ  
      ǣ  ȋ͝  Ȃ ͟͝ Ȍ 
 ȋ͝  Ȃ ͟͝ Ȍǡ     ȋ  
ȌȋǡȌǤ
ǡ
ȋ	͞Ǥ͞ǡϋ͜Ǥ͡͠ǡ
ώ ͜Ǥ͜͡ǡ  ϋ ͣ͝ȌǤ   ǡ     
  ȋ	 ͞Ǥ͞ǡ  ϋ ͜Ǥ͜͝Ǥ  ϋ ͜Ǥͣ͜ǡ  ϋ ͣ͝ȌǤ   
  ǡ 
ȋȌǤ
ȋϋǦ͜Ǥͣ͠ǡώ͜Ǥ͜͝ȌȋϋǦ͜Ǥ͡͠ǡώ͜Ǥ͜͜͝ȌǡȋϋǦ
͜Ǥ͟͠ǡ  ώ ͜Ǥ͜͝ȌǤ       ȋ	 ͞Ǥ͞ǡ  ϋ
͜Ǥ͟͞ǡώ͜Ǥ͜͡ǡϋ͜͠Ȍȋ	͞Ǥ͞ǡϋ͜Ǥͤͣǡώ͜Ǥ͜͜͝ǡϋ͜͠ȌǤ
ȋȌȋϋ͜Ǥͥͣǡώ͜Ǥ͜͜͝ǡϋ͜͠Ȍǡ
ȋϋ͜Ǥ͠͠ǡώ͜Ǥ͜͝ǡϋ͜͠Ȍǡ
ȋϋ͜Ǥͤ͞ǡώ͜Ǥ͜͜͝ǡϋ͜͠Ȍȋϋ͜Ǥ͠͠ǡώ͜Ǥ͜͝ǡϋ͜͠ȌǤ
͢
͢͞
	͞Ǥ͞
  Ǥ  ȋǡ Ȍ   ȋǡ Ȍ   
ǡǤ
ǣͣ͡ǡͣ͝Ǣͥǡͣ͝ϓǢ͢͡ǡͤͥǢͣͤ͝͞ǡͥ͢͝͡Ǧ͞Ǣ
͝͞͞ǡ͝͡͠ǤǦ
Ǥ
Ǥ
Study species and sampling 
  ͜͝Ǧ ȋ͟͡Ȃ͜͠Ȍ 
͜͝ǣǤȋȌǡ
Ǥ
ǤȋȌǡǤȋȌǡ	
ǤȋȌǡ	ǤȋȌǡȋ
Ȍǡ   Ǥ ȋ Ȍǡ  Ǥ ȋȌǡ
ǤȋȌǡǤȋǦȌȋ͞Ǥ͝ȌǤ
ǤǤǡǡǤǤ͜͞Ȃ͟͜
Ǥ




6X
PP
HU
WRW
DO
SUH
FLS
LWD
WLR
Q
PP

    
F
í
í
í
í
í



    
6X
PP
HU
JUR
XQ
GZ
DWH
UWD
EOH
F
P

6X
PP
HU 
 P
HD
Q  
WHP
SH
UDW
XUH
  
o 
&	
G







6X
PP
HU
WRW
DO
3(
7
FP








6S
ULQ
JW
RWD
OS
UHF
LSL
WDW
LRQ
P
P
    
D
í
í
í
í
í
í





6S
ULQ
JJ
URX
QG
ZD
WHU
WD
EOH
F
P

6S
ULQ
J  
PH
DQ
  WH
PS
HUD
WXU
H  
o
 &
	
    
E





6S
ULQ
JW
RWD
O3
(7
F
P
<HDU
7RWDOSUHFLSLWDWLRQ
0HDQJURXQGZDWHUGHSWK
<HDU
0HDQWHPSHUDWXUH
7RWDO3(7

ͣ͞
͞Ǥ͝Ǥ
ȋǢȋ͜͜͢͞Ȍǡ 
Ǧ  ǦǤ          
	ǡǤǡ
    Ǥ   ȋ   ǡ Ȍ   
ȋ Ȍ      Ǥ    ȋȌ 
ȋȌǤǡǡǡ
ǡǤ
 

  

 
	 ͠Ǥ͢͡ ͥͥ͢͝Ǧͥͣ͝͞ ͟͟Ǥ͢ȋ͞ǤͣȌ ͠Ǥ͟͠ȋ͝Ǥ͡͞Ȍ ͜Ǥͣ͟͢ ͜Ǥ͟͞͝
 ͠Ǥͤ͝ ͥͥ͢͝Ǧͥͣͥ͝ ͥ͞Ǥ͠ȋ͡ǤͣȌ ͟Ǥͥ͜ȋ͝ǤͣͣȌ ͜Ǥ͟͜͢ ͜Ǥ͟͜͝

 ͟Ǥͣ͟ ͥͥ͢͝Ǧͥͣ͝͞ ͟͞Ǥͥȋ͞Ǥ͡Ȍ ͠Ǥ͢͝ȋ͝Ǥ͠͝Ȍ ͜Ǥͤ͟͠ ͜Ǥͥ͟͞
 ͟Ǥ͟͟ ͥͥ͢͝Ǧͥͥ͝͞ ͤ͞Ǥͣȋ͟Ǥ͢Ȍ ͠Ǥͥ͠ȋ͞Ǥͤ͡Ȍ ͜Ǥ͟͡͝ ͜Ǥ͞͡͡
 ͞Ǥͣ͝ ͥͣ͜͝Ǧͥͤ͜͝ ͟͝Ǥ͟ȋ͟Ǥ͡Ȍ ͟Ǥͥ͝ȋ͝Ǥ͡͞Ȍ ͜Ǥ͟͜͠ ͜Ǥ͟͟͞
	 ͞Ǥ͢͢ ͥͥ͢͝Ǧͥͣ͝͝ ͟͠Ǥ͟ȋ͟ǤͣȌ ͠Ǥ͟͞ȋ͝Ǥ͢͝Ȍ ͜Ǥͣ͞͡ ͜Ǥ͜͜͞
 ͞Ǥ͠͡ ͥͣ͜͝Ǧͥͤ͟͝ ͟͞Ǥͥȋ͠Ǥ͡Ȍ ͠Ǥͣ͟ȋ͝Ǥ͡͝Ȍ ͜Ǥͣ͜͠ ͜Ǥͤ͢͝
 ͞Ǥ͜͟ ͥͣ͜͝Ǧͥͣ͝͡ ͟͞Ǥͤȋ͟Ǥ͠Ȍ ͠Ǥ͞͝ȋ͝ǤͤͥȌ ͜Ǥ͜͠͠ ͜Ǥ͟͡͠
 ͝Ǥͥͥ ͥ͢͝͡Ǧͥͣ͝͡ ͣ͟Ǥ͜ȋ͟ǤͤȌ ͠Ǥͣͥȋ͞Ǥ͞͝Ȍ ͜Ǥ͜͟͠ ͜Ǥ͟͡͡

 ͝Ǥͣ͞ ͥͥ͢͝Ǧͥͣ͝͞ ͤ͡Ǥͤȋ͡Ǥ͡Ȍ ͢Ǥͤ͝ȋ͟Ǥͤ͢Ȍ ͜Ǥ͡͞͞ ͜Ǥ͢͠͡
         
         Ǧ   
       Ǥ    
Ǥ
ǡȋȌǤ
       ȋ ͞Ǥ͝Ǣ  
 ͜͜͢͞Ȍǡ       ǯ 
ȋ
ͥͣ͝͠Ǣ͜͜͜͞ǢǤ͜͜͟͞ȌǤ
      ȋ   ͜͜͢͞Ȍǡ   
ǡǦǡ
ǦǤ
2͢
͢͞
	͞Ǥ͞
  Ǥ  ȋǡ Ȍ   ȋǡ Ȍ   
ǡǤ
ǣͣ͡ǡͣ͝Ǣͥǡͣ͝ϓǢ͢͡ǡͤͥǢͣͤ͝͞ǡͥ͢͝͡Ǧ͞Ǣ
͝͞͞ǡ͝͡͠ǤǦ
Ǥ
Ǥ
Study species and sampling 
  ͜͝Ǧ ȋ͟͡Ȃ͜͠Ȍ 
͜͝ǣǤȋȌǡ
Ǥ
ǤȋȌǡǤȋȌǡ	
ǤȋȌǡ	ǤȋȌǡȋ
Ȍǡ   Ǥ ȋ Ȍǡ  Ǥ ȋȌǡ
ǤȋȌǡǤȋǦȌȋ͞Ǥ͝ȌǤ
ǤǤǡǡǤǤ͜͞Ȃ͟͜
Ǥ




6X
PP
HU
WRW
DO
SUH
FLS
LWD
WLR
Q
PP

    
F
í
í
í
í
í



    
6X
PP
HU
JUR
XQ
GZ
DWH
UWD
EOH
F
P

6X
PP
HU 
 P
HD
Q  
WHP
SH
UDW
XUH
  
o 
&	
G







6X
PP
HU
WRW
DO
3(
7
FP








6S
ULQ
JW
RWD
OS
UHF
LSL
WDW
LRQ
P
P
    
D
í
í
í
í
í
í





6S
ULQ
JJ
URX
QG
ZD
WHU
WD
EOH
F
P

6S
ULQ
J  
PH
DQ
  WH
PS
HUD
WXU
H  
o
 &
	
    
E





6S
ULQ
JW
RWD
O3
(7
F
P
<HDU
7RWDOSUHFLSLWDWLRQ
0HDQJURXQGZDWHUGHSWK
<HDU
0HDQWHPSHUDWXUH
7RWDO3(7

ͣ͞
͞Ǥ͝Ǥ
ȋǢȋ͜͜͢͞Ȍǡ 
Ǧ  ǦǤ          
	ǡǤǡ
    Ǥ   ȋ   ǡ Ȍ   
ȋ Ȍ      Ǥ    ȋȌ 
ȋȌǤǡǡǡ
ǡǤ
 

  

 
	 ͠Ǥ͢͡ ͥͥ͢͝Ǧͥͣ͝͞ ͟͟Ǥ͢ȋ͞ǤͣȌ ͠Ǥ͟͠ȋ͝Ǥ͡͞Ȍ ͜Ǥͣ͟͢ ͜Ǥ͟͞͝
 ͠Ǥͤ͝ ͥͥ͢͝Ǧͥͣͥ͝ ͥ͞Ǥ͠ȋ͡ǤͣȌ ͟Ǥͥ͜ȋ͝ǤͣͣȌ ͜Ǥ͟͜͢ ͜Ǥ͟͜͝

 ͟Ǥͣ͟ ͥͥ͢͝Ǧͥͣ͝͞ ͟͞Ǥͥȋ͞Ǥ͡Ȍ ͠Ǥ͢͝ȋ͝Ǥ͠͝Ȍ ͜Ǥͤ͟͠ ͜Ǥͥ͟͞
 ͟Ǥ͟͟ ͥͥ͢͝Ǧͥͥ͝͞ ͤ͞Ǥͣȋ͟Ǥ͢Ȍ ͠Ǥͥ͠ȋ͞Ǥͤ͡Ȍ ͜Ǥ͟͡͝ ͜Ǥ͞͡͡
 ͞Ǥͣ͝ ͥͣ͜͝Ǧͥͤ͜͝ ͟͝Ǥ͟ȋ͟Ǥ͡Ȍ ͟Ǥͥ͝ȋ͝Ǥ͡͞Ȍ ͜Ǥ͟͜͠ ͜Ǥ͟͟͞
	 ͞Ǥ͢͢ ͥͥ͢͝Ǧͥͣ͝͝ ͟͠Ǥ͟ȋ͟ǤͣȌ ͠Ǥ͟͞ȋ͝Ǥ͢͝Ȍ ͜Ǥͣ͞͡ ͜Ǥ͜͜͞
 ͞Ǥ͠͡ ͥͣ͜͝Ǧͥͤ͟͝ ͟͞Ǥͥȋ͠Ǥ͡Ȍ ͠Ǥͣ͟ȋ͝Ǥ͡͝Ȍ ͜Ǥͣ͜͠ ͜Ǥͤ͢͝
 ͞Ǥ͜͟ ͥͣ͜͝Ǧͥͣ͝͡ ͟͞Ǥͤȋ͟Ǥ͠Ȍ ͠Ǥ͞͝ȋ͝ǤͤͥȌ ͜Ǥ͜͠͠ ͜Ǥ͟͡͠
 ͝Ǥͥͥ ͥ͢͝͡Ǧͥͣ͝͡ ͣ͟Ǥ͜ȋ͟ǤͤȌ ͠Ǥͣͥȋ͞Ǥ͞͝Ȍ ͜Ǥ͜͟͠ ͜Ǥ͟͡͡

 ͝Ǥͣ͞ ͥͥ͢͝Ǧͥͣ͝͞ ͤ͡Ǥͤȋ͡Ǥ͡Ȍ ͢Ǥͤ͝ȋ͟Ǥͤ͢Ȍ ͜Ǥ͡͞͞ ͜Ǥ͢͠͡
         
         Ǧ   
       Ǥ    
Ǥ
ǡȋȌǤ
       ȋ ͞Ǥ͝Ǣ  
 ͜͜͢͞Ȍǡ       ǯ 
ȋ
ͥͣ͝͠Ǣ͜͜͜͞ǢǤ͜͜͟͞ȌǤ
      ȋ   ͜͜͢͞Ȍǡ   
ǡǦǡ
ǦǤ
͢
ͤ͞
Ring-width data 

ǦǤǦ
ȋ͝Ȁ͜͜͝ȌǦȋ͜͜͟͞ȌǤ
  Ǧǡ     ȋ ͥͤ͟͝Ȍǡ  
  Ǥ   Ǧ    
    Ǧ ȋǤǤ Ȍ    
ȋͤ͜͜͞Ǣ͜͞͝͞ȌǤ
     Ǧ ǡ       
    Ǥ     Ǧ  
 ȋ͜͡τȌǡ         ǡ 
͜Ǥͣ͢Ǥ
Data analysis 
ȋ͜͞͝͞ȌǤ
         Ǧ 
ǡ       ȋȌ  
      ȋ   Ǣ  ͤ͜͜͞ȌǤ  
      ǦǦ   Ǧ ǡ 
 Ǥ
        Ǧ 
ǡ
    Ǥ         

ǡǦȋǤǤȌ
  ǡ           
ǤǤ
ǦǦȋǤǤ
Ȍ
Ǥǯȋ͞Ǥ͝Ȍ
   ȋ ͞Ǥ͞Ȍ      
ȋǯȌǤ

ͥ͞
Results 
Radial growth rates across species 
ǡǤ
  ȋ ͞Ǥ͝ȌǤ 
ǤǤ͜͝
Ȃ ͜͞͟͡Ȃ͜͠Ǧȋ͞Ǥ͝ȌǤ
  ͡͞͡  
ǡǤ ǡ
 ȋ	
͞Ǥ͟ȌǤ͜͞͝͝ǦȋǤǤǤǤȌ
Ǥȋ͞Ǥ͝Ȍǡ
͡͝͡ȋ	͞Ǥ͟ȌǤ
	 ͞Ǥ͟        Ǥ      
    ϋ͡ Ǥ    
͝Ǥ͟Ǥ
    






$JH\HDUV
&X
PX
ODW
LYH
ULQ
JZ
LGW
K
FP

F. sylvatica
T. cordata
A. pseudoplatanus
P. avium
A. glutinosa
F. excelsior
Q. robur
B. pendula
S. alba
P. trichocarpa
2͢
ͤ͞
Ring-width data 

ǦǤǦ
ȋ͝Ȁ͜͜͝ȌǦȋ͜͜͟͞ȌǤ
  Ǧǡ     ȋ ͥͤ͟͝Ȍǡ  
  Ǥ   Ǧ    
    Ǧ ȋǤǤ Ȍ    
ȋͤ͜͜͞Ǣ͜͞͝͞ȌǤ
     Ǧ ǡ       
    Ǥ     Ǧ  
 ȋ͜͡τȌǡ         ǡ 
͜Ǥͣ͢Ǥ
Data analysis 
ȋ͜͞͝͞ȌǤ
         Ǧ 
ǡ       ȋȌ  
      ȋ   Ǣ  ͤ͜͜͞ȌǤ  
      ǦǦ   Ǧ ǡ 
 Ǥ
        Ǧ 
ǡ
    Ǥ         

ǡǦȋǤǤȌ
  ǡ           
ǤǤ
ǦǦȋǤǤ
Ȍ
Ǥǯȋ͞Ǥ͝Ȍ
   ȋ ͞Ǥ͞Ȍ      
ȋǯȌǤ

ͥ͞
Results 
Radial growth rates across species 
ǡǤ
  ȋ ͞Ǥ͝ȌǤ 
ǤǤ͜͝
Ȃ ͜͞͟͡Ȃ͜͠Ǧȋ͞Ǥ͝ȌǤ
  ͡͞͡  
ǡǤ ǡ
 ȋ	
͞Ǥ͟ȌǤ͜͞͝͝ǦȋǤǤǤǤȌ
Ǥȋ͞Ǥ͝Ȍǡ
͡͝͡ȋ	͞Ǥ͟ȌǤ
	 ͞Ǥ͟        Ǥ      
    ϋ͡ Ǥ    
͝Ǥ͟Ǥ
    






$JH\HDUV
&X
PX
ODW
LYH
ULQ
JZ
LGW
K
FP

F. sylvatica
T. cordata
A. pseudoplatanus
P. avium
A. glutinosa
F. excelsior
Q. robur
B. pendula
S. alba
P. trichocarpa
͢
͟͜
Effects of climate and groundwater on tree growth across species 
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Root traits do not necessarily correlate with leaf traits
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Root traits do not necessarily correlate with leaf traits
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Intraspecific differences in fine-root architectural traits 
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Intraspecific differences in fine-root architectural traits 
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Fine-root morphological traits do no differ between soil types
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Fine-root morphological traits do no differ between soil types
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Ectomycorrhizal fungal biomass is higher on sandy soils
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Appendix
Appendix 4.1. Full mixed model statistics on soil differences between soil types (i.e. clay vs. sand), 
species, soil layers, and their interactions. Bold P-values are significant (P < 0.05); dfnum, numerator 
degrees of freedom, dfden, denominator degrees of freedom.  
dfnum dfden F P 
Soil pH 
Soil type  1 8 3445.82 < 0.001 
Species 1 8 1.52 0.25 
Soil depth  1 106 30.37 <0.001 
Species x soil type 1 8 0.61 0.46 
Soil type x soil depth 1 106 4.63 0.03 
Species x soil depth 1 106 1.21 0.27 
Species x soil type x soil depth 1 106 13.09 <0.001 
Soil C : N ratio 
Soil type  1 8 21.72 0.002 
Species 1 8 0.00 0.95 
Soil depth  1 116 7.75 0.006 
Species x soil type 1 8 0.05 0.83 
Soil type x soil depth 1 116 2.46 0.12 
Species x soil depth 1 116 1.42 0.24 
Species x soil type x soil depth 1 116 10.13 0.002 
Soil organic matter content 
Soil type  1 7 1.66 0.24 
Species 1 7 0.45 0.53 
Soil depth  1 88 244.57 <0.001 
Species x soil type 1 7 0.04 0.84 
Soil type x soil depth 1 88 29.50 <0.001 
Species x soil depth 1 88 0.05 0.83 
Species x soil type x soil depth 1 88 1.31 0.26 
Available NO3
- 
Soil type  1 8 52.38 <0.001 
Species 1 8 0.05 0.84 
Soil depth  1 110 145.28 <0.001 
Species x soil type 1 8 0.01 0.93 
Soil type x soil depth 1 110 1.02 0.31 
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Appendix 4.1. Full mixed model statistics on soil differences between soil types (i.e. clay vs. sand), 
species, soil layers, and their interactions. Bold P-values are significant (P < 0.05); dfnum, numerator 
degrees of freedom, dfden, denominator degrees of freedom.  
dfnum dfden F P 
Soil pH 
Soil type  1 8 3445.82 < 0.001 
Species 1 8 1.52 0.25 
Soil depth  1 106 30.37 <0.001 
Species x soil type 1 8 0.61 0.46 
Soil type x soil depth 1 106 4.63 0.03 
Species x soil depth 1 106 1.21 0.27 
Species x soil type x soil depth 1 106 13.09 <0.001 
Soil C : N ratio 
Soil type  1 8 21.72 0.002 
Species 1 8 0.00 0.95 
Soil depth  1 116 7.75 0.006 
Species x soil type 1 8 0.05 0.83 
Soil type x soil depth 1 116 2.46 0.12 
Species x soil depth 1 116 1.42 0.24 
Species x soil type x soil depth 1 116 10.13 0.002 
Soil organic matter content 
Soil type  1 7 1.66 0.24 
Species 1 7 0.45 0.53 
Soil depth  1 88 244.57 <0.001 
Species x soil type 1 7 0.04 0.84 
Soil type x soil depth 1 88 29.50 <0.001 
Species x soil depth 1 88 0.05 0.83 
Species x soil type x soil depth 1 88 1.31 0.26 
Available NO3
- 
Soil type  1 8 52.38 <0.001 
Species 1 8 0.05 0.84 
Soil depth  1 110 145.28 <0.001 
Species x soil type 1 8 0.01 0.93 
Soil type x soil depth 1 110 1.02 0.31 
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Species x soil depth 1 110 0.11 0.72 
Species x soil type x soil depth 1 110 2.51 0.12 
Available NH4
+  
Soil type  1 8 19.64 <0.001 
Species 1 8 0.44 0.53 
Soil depth  1 110 77.51 <0.001 
Species x soil type 1 8 1.74 0.22 
Soil type x soil depth 1 110 84.57 <0.001 
Species x soil depth 1 110 0.08 0.77 
Species x soil type x soil depth 1 110 7.11 0.009 
Available P-P2O5  
Soil type  1 8 1.09 0.33 
Species 1 8 2.66 0.15 
Soil depth  1 110 162.33 <0.001 
Species x soil type 1 8 1.36 0.28 
Soil type x soil depth 1 110 19.72 <0.001 
Species x soil depth 1 110 5.67 0.02 
Species x soil type x soil depth 1 110 5.37 0.02 
Plant available water* df F P 
Soil type  1 9.82 0.01 
Species 1 5.65 0.04 
Species x soil type 1 4.99 0.06 
* Plant available water is an integrated variable based on the effective rooting zone (estimated at 120 cm
below the soil surface) and covers the entire soil profile sampled (0 – 40 cm) separated over three layers 
as described below. Because this variable was already averaged per stand, it was analysed in a linear 
model including the soil type, species and their interaction.  
Soil data methods and analyses 
Soil data were collected at the plot-level and analysed at three different depths: 0 – 5,  10 – 20 and 30 – 
40 cm depth below the soil surface. Between late August and early September 2013, we collected five soil 
samples per plot, which were analysed for available pH, C : N ratios, organic matter content, nitrate, 
ammonium, and phosphorus.  Plant available water was measured from water retention curves, based 
on two soil samples per plot at the same three soil depths. We measured the soil volumetric water 
content at different soil water potentials, and deduced the soil water content at field capacity (VWCFC, 
soil water potential = -0.01 MPa) and at wilting point (VWCWP, soil water potential = -1.5 MPa). The 
differences between VWCFC and VWCWP per plot and soil layer were used as a measure of plant available 
water, and integrated throughout the soil profile assuming an effective rooting depth of 120 cm.  
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Differences in soil variables between the two soil types (clay vs. sandy soils) were tested using a 
mixed model similar to the model used to compare fine-root traits between soil types (see also the 
Methods section). Soil data were log- or square-root transformed to improve homogeneity of variance, 
and statistical analyses were carried out in R (R Core Team 2014, packages lme4 and nlme). All soil 
variables except for plant water availability were compared between soil types using mixed models that 
can correct for our nested design and potential dependencies between soil data from the same plot or 
soil core (Zuur et al. 2009). Soil type (clay vs. sand), species (beech vs. spruce) soil depth and their 
interaction were included as fixed factors. Plot (nested within the soil types) and soil core sample 
(nested within the plot) were added as random factors.  
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fine-root mass (i.e. 0 – 1 kg fine-root mass m-3 soil) and SRL (i.e. 0 – 200 m g-1) values. 
These values are based on previous work (Chapters 3 and 4), and extended to better 
demonstrate and understand the underlying mechanisms of the whole-tree carbon 
balance. The belowground processes that directly contribute to this carbon balance are 
fine-root respiration and turnover (Figure 5.1). Their respiration and turnover 
parameters (and those of other plant organs) were obtained from the literature 
(Appendix 5.3), and summed for all plant organs as whole-tree measures of respiration 
and turnover. Fine-root respiration rates were based on Reich et al. (2008), but were 
lower in our model simulations and used to balance the carbon budget and arrive at 
more realistic carbon balance predictions. Soil resource supply and fine-root uptake 
parameters are obtained from the literature, but were not completely available for tree 
species specifically (Table 5.1).  
Table 5.1 Key model parameters of above- and belowground traits and soil nutrient availability. 
Value Unit  Source 
Aboveground traits 
Specific leaf area 200 m2 kg-1 Lambers et al. (1998) 
Leaf nitrogen content 2 % Lambers et al. (1998) 
Wood density 500 kg m-3 Niklas (1992); van Gelder et al. (2006) 
Fine-root traits 
Diameter 0.5 mm Chapter 4, this thesis 
Tissue density 0.3 g cm-3 Chapter 4, this thesis 
Fine-root uptake parameters 
0.2 mol nutrient 
m-3 soil water 
Siddiqi et al. (1990) Michealis-Menten 
constant (Km) 
Fine-rootuptake 
capacity (Vmax) 
10*10-6 mol nutrient 
m-2 fine-root 
area s-1 
Itoh and Barber (1983) 
Soil nutrient parameters 
DiffusioncoefficientȋȌ 10*10-10 m2 s-1 Nielsen (2006) 
Soil nutrient content (Sb)  0.5 (I, II) 
0.25 (III) 
mol nutrient 
m-3 soil  
Leeters and Vries (2001) 
Latin numbers refer to scenarios when parameters differed between scenarios. 
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fine-root mass (i.e. 0 – 1 kg fine-root mass m-3 soil) and SRL (i.e. 0 – 200 m g-1) values. 
These values are based on previous work (Chapters 3 and 4), and extended to better 
demonstrate and understand the underlying mechanisms of the whole-tree carbon 
balance. The belowground processes that directly contribute to this carbon balance are 
fine-root respiration and turnover (Figure 5.1). Their respiration and turnover 
parameters (and those of other plant organs) were obtained from the literature 
(Appendix 5.3), and summed for all plant organs as whole-tree measures of respiration 
and turnover. Fine-root respiration rates were based on Reich et al. (2008), but were 
lower in our model simulations and used to balance the carbon budget and arrive at 
more realistic carbon balance predictions. Soil resource supply and fine-root uptake 
parameters are obtained from the literature, but were not completely available for tree 
species specifically (Table 5.1).  
Table 5.1 Key model parameters of above- and belowground traits and soil nutrient availability. 
Value Unit  Source 
Aboveground traits 
Specific leaf area 200 m2 kg-1 Lambers et al. (1998) 
Leaf nitrogen content 2 % Lambers et al. (1998) 
Wood density 500 kg m-3 Niklas (1992); van Gelder et al. (2006) 
Fine-root traits 
Diameter 0.5 mm Chapter 4, this thesis 
Tissue density 0.3 g cm-3 Chapter 4, this thesis 
Fine-root uptake parameters 
0.2 mol nutrient 
m-3 soil water 
Siddiqi et al. (1990) Michealis-Menten 
constant (Km) 
Fine-rootuptake 
capacity (Vmax) 
10*10-6 mol nutrient 
m-2 fine-root 
area s-1 
Itoh and Barber (1983) 
Soil nutrient parameters 
DiffusioncoefficientȋȌ 10*10-10 m2 s-1 Nielsen (2006) 
Soil nutrient content (Sb)  0.5 (I, II) 
0.25 (III) 
mol nutrient 
m-3 soil  
Leeters and Vries (2001) 
Latin numbers refer to scenarios when parameters differed between scenarios. 
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Model simulations
We decided to simulate trees with a steady state in their water and nutrient uptake 
and loss. This implies that the simulated trees maintain their initial structure. Trees 
with a negative carbon balance are expected to die, and those with a positive carbon 
balance are expected to use their carbon for storage, growth or reproduction, which 
are associated with fitness.  
Consequently, transpiration rates in the crown equal the water flow through the 
stem and the uptake rate of water by the fine roots. In this model, water uptake is 
regulated by the LAI that represents the evaporative pull, and by the leaf water 
potential, as stomata are being closed when insufficient water is available to maintain 
transpiration rates. At the same time, fine-root mass and SRL determine water uptake 
as a large root-absorptive area allows more rapid water uptake. Earlier work studies the 
tree water relations with this model (e.g. Sterck et al. 2016), whereas this study focuses 
explicitly on nutrient uptake and how it constrains plant structure and functioning.  
Furthermore, nutrient uptake rates by the fine roots are assumed equal to the 
nutrient losses via whole-tree tissue turnover. This steady-state in whole-tree nutrients 
indicates that nutrient uptake by fine roots constrains the LAI, as leaves require 
nutrients and need to be replaced. We chose to relate root nutrient uptake to the LAI 
of a tree, representing its crown photosynthesis, and not to its photosynthetic capacity 
at the leaf (mass or area) level.   
Hypothesis-testing 
First, a sensitivity analysis of our model demonstrates to what extent the whole-tree 
net carbon gain and its three underlying components (photosynthesis, respiration, 
turnover) respond to variation in root traits (SRL, fine-root mass, fine-root lifespan, 
total root system radius, and fine-root tissue density). Next, we determine the (carbon) 
costs and (uptake) benefits of adjusting SRL and fine-root mass to the soil 
environment, and explore their impacts on the whole-tree net carbon gain by running 
three model scenarios corresponding to our three hypotheses: I) fixed fine-root 
turnover, II) the trade-off between SRL and fine-root turnover, and III) changes in 
nutrient availability. In scenario I, we examine the combined effects of fine-root mass 
and SRL on resource uptake and LAI, and ultimately on the net carbon gain and its 
underlying carbon processes (photosynthesis, respiration and turnover). In this 
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scenario, fine-root lifespan is fixed at 200 days, based on field observations on tree 
roots reported in the literature (Chapter 3). This scenario enables us to test our first 
hypothesis that both an increase in fine-root mass and in SRL lead to a higher net 
carbon gain, but that the impact of increasing SRL would be larger than that of fine-
root mass because its carbon costs per absorptive area are lower. 
The second scenario tests the effects of the assumed trade-off between SRL and 
fine-root lifespan on tree fitness by running the model with a variable fine-root 
lifespan as a function of SRL based on Chapter 3 (Figure 5.1). Comparing the 
outcomes of scenario I (fixed fine-root lifespan) and II (variable fine-root lifespan) 
thus demonstrates its impacts on whole-tree performance. Scenario II allows us to 
test our second hypothesis, where we expect that – compared to the first scenario – 
the net carbon gain is suppressed by a high SRL due to larger carbon costs via faster 
fine-root turnover.  
In the third scenario, we run the same model as in the second scenario, but 
reduce the nutrient concentration in the bulk soil with 50% (Table 5.1). Similar to 
scenario II, fine-root lifespan still varies with SRL. We then compare the outcomes of 
scenario III (nutrient-poor soil) to those of scenario II (fertile soil) to determine 
whether fine-root trait effects on fitness change in a different nutrient environment. 
We test the hypothesis that on a nutrient-poor soil the optimal net carbon gain is 
achieved by an increase in fine-root mass, SRL, or both.  
Results
Sensitivity analysis 
The whole-tree net carbon gain was most sensitive to the root system radius (i.e. the 
radius of the cylinder describing the size of the root system; Table 5.2). Next, it 
responded strongly to SRL and fine-root mass. These three root traits all positively 
affected the net carbon gain, whereas fine-root turnover – and to a lesser extent fine-root 
tissue density – had a negative impact. Whole-tree photosynthesis, respiration and 
turnover responded similarly (Table 5.2). They showed strongest and positive effects of 
root system radius, SRL and fine-root mass, and small and negative effects of fine-root 
tissue density. None of these underlying components responded to fine-root turnover 
(except for whole-tree turnover rates) because these components were not related in our 
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scenario, fine-root lifespan is fixed at 200 days, based on field observations on tree 
roots reported in the literature (Chapter 3). This scenario enables us to test our first 
hypothesis that both an increase in fine-root mass and in SRL lead to a higher net 
carbon gain, but that the impact of increasing SRL would be larger than that of fine-
root mass because its carbon costs per absorptive area are lower. 
The second scenario tests the effects of the assumed trade-off between SRL and 
fine-root lifespan on tree fitness by running the model with a variable fine-root 
lifespan as a function of SRL based on Chapter 3 (Figure 5.1). Comparing the 
outcomes of scenario I (fixed fine-root lifespan) and II (variable fine-root lifespan) 
thus demonstrates its impacts on whole-tree performance. Scenario II allows us to 
test our second hypothesis, where we expect that – compared to the first scenario – 
the net carbon gain is suppressed by a high SRL due to larger carbon costs via faster 
fine-root turnover.  
In the third scenario, we run the same model as in the second scenario, but 
reduce the nutrient concentration in the bulk soil with 50% (Table 5.1). Similar to 
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tissue density. None of these underlying components responded to fine-root turnover 
(except for whole-tree turnover rates) because these components were not related in our 
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model structure (Figure 5.1). Overall, this analysis suggests that the fine-root traits 
considered in our study can influence the whole-tree carbon balance substantially. 
Table 5.2 Fine-root trait effects on the whole-tree net carbon carbon balance. Sensitivity values (%) 
reflect the relative change in the response of the carbon balance components when the explanatory 
variable (i.e. root trait) changes with 10% and other variables remain constant. 
Root traits (units) 
Sensitivities (%) Specific root 
length 
(m g-1) 
Fine-root 
mass 
(kg root m-3 
soil) 
Root 
turnover 
(d-1) 
Root tissue 
density 
(kg root m-3 
root) 
Root system 
radius 
(m) 
Net carbon gain  3.69 3.08 -2.13 -0.78 6.39 
Photosynthesis 0.70 0.99 0 -0.15 2.10 
Respiration 0.45 0.64 0 -0.09 1.35 
Turnover  0.10 0.74 0.60 -0.02 1.52 
Fine-root trait effects on the whole-tree carbon budget 
Scenario I simulated whole-tree carbon processes (i.e. turnover, respiration, 
photosynthesis and net carbon gain) from the defined range of fine-root mass and SRL 
values and a constant fine-root lifespan fixed at 200 days. The whole-tree net carbon 
gain ranged between -0.4 and 0.4 kg carbon d-1 (Figure 5.2a). According to our model, 
it was optimised at relatively high SRL (i.e. more than 100 m g-1) and low fine-root mass 
(i.e. less than 0.3 kg m-3). Furthermore, the 0-isocline indicated a negative carbon 
balance for high fine-root mass values (i.e. more than ~0.6 kg m-3), almost regardless of 
variation in SRL. Whole-tree photosynthesis and respiration increased with fine-root 
mass and SRL (Figure 5.2d,g), whereas whole-tree turnover increased predominantly 
with fine-root mass (Figure 5.2j). These impacts of fine-root mass and SRL on the 
carbon balance were explained by the patterns in LAI (Appendix 5.1a). Increasing SRL 
and fine-root mass led to higher LAI due to increased soil resource uptake up to a 
predefined maximum LAI of 5 (see Model section), so that a higher SRL and/or fine-
root mass also hardly influenced photosynthesis and respiration beyond this value.  
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model structure (Figure 5.1). Overall, this analysis suggests that the fine-root traits 
considered in our study can influence the whole-tree carbon balance substantially. 
Table 5.2 Fine-root trait effects on the whole-tree net carbon carbon balance. Sensitivity values (%) 
reflect the relative change in the response of the carbon balance components when the explanatory 
variable (i.e. root trait) changes with 10% and other variables remain constant. 
Root traits (units) 
Sensitivities (%) Specific root 
length 
(m g-1) 
Fine-root 
mass 
(kg root m-3 
soil) 
Root 
turnover 
(d-1) 
Root tissue 
density 
(kg root m-3 
root) 
Root system 
radius 
(m) 
Net carbon gain  3.69 3.08 -2.13 -0.78 6.39 
Photosynthesis 0.70 0.99 0 -0.15 2.10 
Respiration 0.45 0.64 0 -0.09 1.35 
Turnover  0.10 0.74 0.60 -0.02 1.52 
Fine-root trait effects on the whole-tree carbon budget 
Scenario I simulated whole-tree carbon processes (i.e. turnover, respiration, 
photosynthesis and net carbon gain) from the defined range of fine-root mass and SRL 
values and a constant fine-root lifespan fixed at 200 days. The whole-tree net carbon 
gain ranged between -0.4 and 0.4 kg carbon d-1 (Figure 5.2a). According to our model, 
it was optimised at relatively high SRL (i.e. more than 100 m g-1) and low fine-root mass 
(i.e. less than 0.3 kg m-3). Furthermore, the 0-isocline indicated a negative carbon 
balance for high fine-root mass values (i.e. more than ~0.6 kg m-3), almost regardless of 
variation in SRL. Whole-tree photosynthesis and respiration increased with fine-root 
mass and SRL (Figure 5.2d,g), whereas whole-tree turnover increased predominantly 
with fine-root mass (Figure 5.2j). These impacts of fine-root mass and SRL on the 
carbon balance were explained by the patterns in LAI (Appendix 5.1a). Increasing SRL 
and fine-root mass led to higher LAI due to increased soil resource uptake up to a 
predefined maximum LAI of 5 (see Model section), so that a higher SRL and/or fine-
root mass also hardly influenced photosynthesis and respiration beyond this value.  
	Ǧ
͝͝͝
	 ͡Ǥ͞  Ǧ   Ǧ  Ǥ    ȋ Ȃ Ȍ 
ȋȂǡǡȂǡǡȂǡȌ
ȋǦȌǦȋǦȌȋǣǡǦ
͜͜͞ǢǡǦǢǡȌǤ
ȋȂȌ͜ǦǦϋǤ
    ǡ   Ǧ  
ǤǡǦ͜Ǥ͢͜Ǥ͠
Ǧ͝ ȋ	͡Ǥ͞ȌǤ    ǡ 
ǦǤȋ	


 
  







 
  







 

  














  













 
  







 

 



  





í
í
í



  






í
í
í
í
í



  







ííí
í
í

í



  










 



  










 



  












 



  





6FHQDULR
_ __ ___
3KRWRV\QWKHVLV
1HWFDUERQJDLQ
5HVSLUDWLRQ
7XUQRYHU
&DUERQJDLQ
NJG
6SHFLILFURRWOHQJWKPJ
)LQ
HU
RR
WP
DV
V
NJ
P
 
í



D E F
G H I
J K L
OM N
ͥ
͝͝͞
͡Ǥ͞Ȍǡ       ȋǤǤ    ǡ 	
͡Ǥ͞ȌǦǤ
	ǡ͜Ǧ
Ǧ ͜Ǥ͢Ǧ͟ͣ͜Ǧ͝
 ǡ     ǡ    Ǧ 
ǤǦ
   Ǧ ǡ  Ǧ   
   ȋ 	 ͡Ǥ͞  ȌǤ  Ǧ   
Ǧ     Ǧ   
ȋ	͡Ǥ͞ǡ͡Ǥ͞ǡȌǤ
ǡ
Ǥ        ͜͡τǡ   
ǤǦǡ
 Ǧ͜Ǥ͡  ͜Ǥ͞   Ǧ͝ǡ          
    Ǧ   ȋ	 ͡Ǥ͞  ȌǤ͜Ǧ
Ǧǡ͜͡Ǧ͝
     ȋ	 ͡Ǥ͞Ȍǡ       
ȋ	͡Ǥ͞ȌǤ	ǡ
ǡǦ
    Ǧ      Ǥ 
Ǧ
Ǧ
Ǧȋ	͡Ǥ͞ǡ
͡Ǥ͞ȌǤ
Ǧȋ	͡Ǥ͞ȌǤ
Discussion 
        Ǧ    
 ǡ           
 Ǥ         
Ǧ           
Ǥ 	ǡ      Ǧ 
ǦǢ
	Ǧ
͟͝͝
Ǧ             
ǤǦǡ
ǦǡǦǡ
Ǥǡ
͟͠
Ǥ        Ǧ ǡ
       ȋ ͟Ȍǡ  
         Ǧ   
ǦǦȋ͠ȌǤ
Fine-root trait effects on tree fitness 
            Ǧ
Ǧ͜͜͞ȋȌǤ
 ǡ  
 ȋ  ͜͜͝Ǧ͝Ȍ   Ǧ ȋ ͜Ǥ͟Ǧ͟ȌǤǦ
           
    ǡ         
 ȋ ͜͞͝͠ȌǤ    ǡ     Ǧ 
ǡ
    Ǥ    Ǧ   
              
Ǧ ǣ Ǧ 
  ͢͜τ   Ǧ  ȋ ͡Ǥ͞ȌǤ  ǡ 
Ǧ͜Ǥ͢Ǧ͟Ǥ	
 ǡ          
Ǥ
   ǡ  Ǧ     
ǡ  Ǥ  ǡ     ͥ͠      
ȋ͟Ȍ͜͜͝Ǧ͝Ǥǡ
͠͡Ǧ͝Ǥ͠ǡǦ͜͡Ǧ͝	
 ȋǤȌ    ȋȋǤȌ ǤȌ ȋ 	 ͡Ǥ͟Ȍ     
ȋͥͥͥ͝ǢǤ͜͜͞͝Ǣ
Ǥ͜͟͞͝ȌǤǡǦ
5ͥ
͝͝͞
͡Ǥ͞Ȍǡ       ȋǤǤ    ǡ 	
͡Ǥ͞ȌǦǤ
	ǡ͜Ǧ
Ǧ ͜Ǥ͢Ǧ͟ͣ͜Ǧ͝
 ǡ     ǡ    Ǧ 
ǤǦ
   Ǧ ǡ  Ǧ   
   ȋ 	 ͡Ǥ͞  ȌǤ  Ǧ   
Ǧ     Ǧ   
ȋ	͡Ǥ͞ǡ͡Ǥ͞ǡȌǤ
ǡ
Ǥ        ͜͡τǡ   
ǤǦǡ
 Ǧ͜Ǥ͡  ͜Ǥ͞   Ǧ͝ǡ          
    Ǧ   ȋ	 ͡Ǥ͞  ȌǤ͜Ǧ
Ǧǡ͜͡Ǧ͝
     ȋ	 ͡Ǥ͞Ȍǡ       
ȋ	͡Ǥ͞ȌǤ	ǡ
ǡǦ
    Ǧ      Ǥ 
Ǧ
Ǧ
Ǧȋ	͡Ǥ͞ǡ
͡Ǥ͞ȌǤ
Ǧȋ	͡Ǥ͞ȌǤ
Discussion 
        Ǧ    
 ǡ           
 Ǥ         
Ǧ           
Ǥ 	ǡ      Ǧ 
ǦǢ
	Ǧ
͟͝͝
Ǧ             
ǤǦǡ
ǦǡǦǡ
Ǥǡ
͟͠
Ǥ        Ǧ ǡ
       ȋ ͟Ȍǡ  
         Ǧ   
ǦǦȋ͠ȌǤ
Fine-root trait effects on tree fitness 
            Ǧ
Ǧ͜͜͞ȋȌǤ
 ǡ  
 ȋ  ͜͜͝Ǧ͝Ȍ   Ǧ ȋ ͜Ǥ͟Ǧ͟ȌǤǦ
           
    ǡ         
 ȋ ͜͞͝͠ȌǤ    ǡ     Ǧ 
ǡ
    Ǥ    Ǧ   
              
Ǧ ǣ Ǧ 
  ͢͜τ   Ǧ  ȋ ͡Ǥ͞ȌǤ  ǡ 
Ǧ͜Ǥ͢Ǧ͟Ǥ	
 ǡ          
Ǥ
   ǡ  Ǧ     
ǡ  Ǥ  ǡ     ͥ͠      
ȋ͟Ȍ͜͜͝Ǧ͝Ǥǡ
͠͡Ǧ͝Ǥ͠ǡǦ͜͡Ǧ͝	
 ȋǤȌ    ȋȋǤȌ ǤȌ ȋ 	 ͡Ǥ͟Ȍ     
ȋͥͥͥ͝ǢǤ͜͜͞͝Ǣ
Ǥ͜͟͞͝ȌǤǡǦ
Chapter 5 
114 
(Chapter 4) did approximately agree with the range of fine-root mass values that would 
lead to a positive carbon balance in the model (Figure 5.3a). In the field, especially the 
SRL of temperate tree species may thus be limiting tree fitness as expected from this 
first model scenario. 
Figure 5.3 Fagus sylvatica and Picea abies trees in our modelled fitness landscape for three model 
scenarios. Model scenarios: I, fixed fine-root lifespan of 200 days; II, fine-root lifespan as a function of 
SRL; III, reduced soil nutrient concentrations). Bold lines mark the 0-isoclines where whole-tree carbon 
gain = carbon loss. Species’ positions are based on empirical fine-root mass and SRL data measured on a 
resource-rich clay soil and a resource-poor sandy soil in the Netherlands (Chapter 4). Triangles 
represent P. abies trees, circles represent F. sylvatica trees, open symbols refer to the sandy soils, black 
symbols refer to the clay soils.  
In fact, the model suggests that especially our study species P. abies (Chapter 4) 
had a negative or neutral carbon balance based on its fine-root mass and SRL on both 
study sites (Figure 5.3a). In the field though, these studies trees grow and survive. This 
discrepancy between empirical and model outcomes could point at the importance of 
mycorrhizal symbiosis for tree nutrition (Smith and Read 2008), as almost all tree 
species are mycorrhizal. Through their thin hyphae, mycorrhizal fungi strongly 
enhance the belowground uptake area and therefore nutrient uptake of the tree in 
exchange for carbon. By comparison, specific hyphal length (i.e. hyphal length per unit 
hyphal mass, the fungal equivalent of SRL) may range between 20,000 and 40,000 m g-1 
for ectomycorrhizal fungi associated with temperate tree species (Bakker et al. 2009; 
Bakker et al. 2015). Investing in mycorrhizal symbiosis may thus reduce the necessity to 
produce thin, high-SRL roots, and efficiently increase nutrient acquisition, and explain 
how forest trees grow and survive with thick, less efficient fine roots than expected.   
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Furthermore, high-SRL roots are in the forest likely constrained by other 
variables that are absent in the model. Soil properties, such as soil compaction (Clark 
et al. 2003; Bejarano et al. 2010; Alameda and Villar 2012), drought and herbivory 
(Pagès 2011) also limit SRL. These factors may thus prevent trees from increasing their 
SRL, but instead stimulate trees to increase their fine-root mass to enhance resource 
uptake, despite the higher carbon costs involved. The low SRL that we observed 
empirically compared to the model, may imply that soil (a)biotic conditions present 
considerable limits, as well as alternative uptake mechanisms (i.e. mycorrhiza), to SRL 
and therefore affect nutrient acquisition and tree fitness.  
Implications of the trade-off between SRL and fine-root lifespan for 
tree fitness
Fine-root lifespan has been identified as one of the constraints to SRL. Evidence 
suggests that carbon costs are involved in producing high-SRL roots because of their 
shorter lifespan (Chapter 3; McCormack et al. 2012). This trade-off is based on resource 
optimization which predicts that thick, low-SRL fine roots need to be long-lived in 
order to balance their uptake benefits and carbon costs (Eissenstat and Yanai 1997). 
Such low-SRL roots are generally better protected against drought and mechanical 
pressure and consequently live long (Wahl and Ryser 2000; Clark et al. 2003). In the 
second scenario, we thus incorporated this trade-off such that fine-root turnover 
increased with SRL, to test its impacts on the whole-tree carbon balance (Figure 5.1). 
We expected that the net carbon gain observed in scenario I would be restricted by 
SRL due to the faster turnover rates of high-SRL roots implemented in scenario II. 
 Indeed, the trade-off between SRL and fine-root lifespan shifted the net carbon 
optimum to the left but this shift was only minor. So, even when high-SRL roots had 
shorter lifespans than low-SRL roots, they were still beneficial in terms of uptake 
capacities per biomass investment and led to the highest net carbon gain. Because fine-
root lifespan thus seemed to pose only a minor constraint to SRL, the optimal SRL in 
terms of plant fitness (i.e. > 80 m g-1) was still high compared to the empirical data 
presented earlier; only 18 out of the 94 temperate tree species had a mean SRL higher 
than 80 m g-1 (Chapter 3). This implies that the other (soil) environmental constraints 
as well as the mycorrhizal alternative to resource acquisition discussed earlier may 
present stronger limits to SRL than fine-root lifespan does.  
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present stronger limits to SRL than fine-root lifespan does.  
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The trade-off between SRL and fine-root lifespan revealed an additional root trait 
niche where different combinations of fine-root mass and SRL resulted in similar 
fitness (i.e. at the top left of Figure 5.2b). In contrast to scenario I, scenario II shows 
that trees with a fine-root mass of more than 0.6 kg m-3 can also achieve a positive 
carbon balance when their fine roots are relatively thick (i.e. SRL less than 70 m g-1). 
These trees have a net carbon gain comparable to trees with higher SRL (i.e. more than 
70 m g-1) and lower fine-root mass (i.e. approximately between 0.3 and 0.4 kg m-3). To 
illustrate, on our clay soils, SRL of F. sylvatica was twice as high (40 versus 20 m g-1) 
and fine-root mass was only 50% (0.1 versus 0.2 kg m-3) compared to P. abies (Chapter 
4), but in our model, they had a similar net carbon gain of 0.09 kg carbon d-1 (Figure 
5.3b). These outcomes evidently result from the indirect effect of SRL on whole-tree 
turnover: as low-SRL roots are long-lived, the replacement costs of the fine-roots are 
lower, which constitutes a considerable reduction in whole-tree turnover. In line with 
previous work (Marks and Lechowicz 2006), our study demonstrates that under the 
same soil nutrient conditions, species with inherently different fine-root traits (e.g. 
SRL) may perform equally well.  
Soil nutrient effects on fine-root traits and tree fitness
Plasticity in above- and belowground functional traits allows plants of the same species 
to grow, survive and reproduce in different resource environments (Bradshaw 1965; 
Valladares et al. 2007). Through such plasticity, the most limiting resource can be 
more rapidly acquired, so that functional balances are restored and plant fitness 
enhanced. For leaves, common plastic responses have been widely observed (Ryser and 
Eek 2000; Poorter et al. 2012). Fine-root trait plasticity however is far less consistent, 
and its impacts on plant fitness in different environments are still uncertain (Sultan 
2000; Nicotra et al. 2010). In the third scenario, we simulated a lower soil nutrient 
concentration compared to the second scenario to test if trees increased their fine-root 
mass and/or modified their SRL to maintain their fitness on nutrient-poor soils.  
Our model suggests that both a high SRL and a high fine-root mass increased 
fitness on a nutrient-poor soil. In the first place, fitness was optimised by doubling 
SRL, but at a similar fine-root mass on the poor (scenario III) compared to the more 
fertile soil (scenario II). So, the minimum SRL needed to optimise fitness increased 
from 80 to 175 m g-1, corresponding to a fine-root mass of 0.24 and 0.28 kg m-3 on the 
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nutrient-poor versus the more fertile soil. As a second strategy, optimal fitness could 
be realised by doubling fine-root mass at a constant SRL; on the poor soil, a minimum 
fine-root mass of 0.24 kg m-3 was required for an optimal fitness compared to 0.13 kg 
m-3 on the fertile soil. On both soils, however, this required a SRL of 200 m g-1 which is 
very high compared to empirical observations on forest trees. Qualitatively, our model 
thus identified two alternative strategies that led to equal fitness under nutrient 
limitations: via an increase in SRL or in fine-root mass. Quantitatively however, 
especially the limits to SRL under field conditions may need further study to better 
understand how SRL drives tree uptake and fitness.  
The importance of a high SRL on poor soils for plant fitness is in line with our 
hypothesis and previous work (Ostonen et al. 2007b). However, other studies 
demonstrated a negative or no response of SRL to the soil resource environment (e.g. 
Fahey and Hughes 1994; George et al. 1997; Espeleta and Donovan 2002; Leuschner et 
al. 2004; Ostonen et al. 2007a; Meier and Leuschner 2008). In our empirical plasticity 
study, SRL also did not differ between F. sylvatica and P. abies (Chapter 4). Instead, 
both species strongly increased their (relative) fine-root mass on the poor, sandy soil 
compared to the rich clay soil (Chapter 4), which corresponds to the second strategy 
derived from our model.  
The model also shows that the fine-root : leaf mass ratio was higher on the poor 
(scenario III) than on the more fertile soil (scenario II), particularly in the net carbon 
gain optimum, where it doubled from 2 to 4 (Appendix 5.2b,c). This outcome 
qualitatively agrees with the functional equilibrium hypothesis (Brouwer 1963). 
Quantitatively, these modelled fine-root : leaf mass ratios (mostly between 0 and 15) 
had the same order of magnitude as reported for the total (i.e. including coarse roots) 
fine-root : leaf mass ratios in temperate forests (that is, 4 – 7; Poorter and Nagel 2000; 
Poorter et al. 2012). However, our predicted fine-root : leaf mass ratios widely varied 
for different combinations of fine-root mass and SRL, and were considerably larger on 
the poor soil at low SRL-values than empirically observed.  
Nonetheless, for our study trees, this increase in fine-root mass still resulted in a 
negative carbon balance according to our model (Figure 5.3c). In this third scenario 
too, mycorrhizal fungi may explain the differences between model and empirical 
outcomes. We experimentally measured a strong increase in mycorrhizal mycelium 
abundance on the sandy soils compared to the clay soils (Chapter 4). Possibly, adding 
5Chapter 5 
116 
The trade-off between SRL and fine-root lifespan revealed an additional root trait 
niche where different combinations of fine-root mass and SRL resulted in similar 
fitness (i.e. at the top left of Figure 5.2b). In contrast to scenario I, scenario II shows 
that trees with a fine-root mass of more than 0.6 kg m-3 can also achieve a positive 
carbon balance when their fine roots are relatively thick (i.e. SRL less than 70 m g-1). 
These trees have a net carbon gain comparable to trees with higher SRL (i.e. more than 
70 m g-1) and lower fine-root mass (i.e. approximately between 0.3 and 0.4 kg m-3). To 
illustrate, on our clay soils, SRL of F. sylvatica was twice as high (40 versus 20 m g-1) 
and fine-root mass was only 50% (0.1 versus 0.2 kg m-3) compared to P. abies (Chapter 
4), but in our model, they had a similar net carbon gain of 0.09 kg carbon d-1 (Figure 
5.3b). These outcomes evidently result from the indirect effect of SRL on whole-tree 
turnover: as low-SRL roots are long-lived, the replacement costs of the fine-roots are 
lower, which constitutes a considerable reduction in whole-tree turnover. In line with 
previous work (Marks and Lechowicz 2006), our study demonstrates that under the 
same soil nutrient conditions, species with inherently different fine-root traits (e.g. 
SRL) may perform equally well.  
Soil nutrient effects on fine-root traits and tree fitness
Plasticity in above- and belowground functional traits allows plants of the same species 
to grow, survive and reproduce in different resource environments (Bradshaw 1965; 
Valladares et al. 2007). Through such plasticity, the most limiting resource can be 
more rapidly acquired, so that functional balances are restored and plant fitness 
enhanced. For leaves, common plastic responses have been widely observed (Ryser and 
Eek 2000; Poorter et al. 2012). Fine-root trait plasticity however is far less consistent, 
and its impacts on plant fitness in different environments are still uncertain (Sultan 
2000; Nicotra et al. 2010). In the third scenario, we simulated a lower soil nutrient 
concentration compared to the second scenario to test if trees increased their fine-root 
mass and/or modified their SRL to maintain their fitness on nutrient-poor soils.  
Our model suggests that both a high SRL and a high fine-root mass increased 
fitness on a nutrient-poor soil. In the first place, fitness was optimised by doubling 
SRL, but at a similar fine-root mass on the poor (scenario III) compared to the more 
fertile soil (scenario II). So, the minimum SRL needed to optimise fitness increased 
from 80 to 175 m g-1, corresponding to a fine-root mass of 0.24 and 0.28 kg m-3 on the 
Fine-root trait effects on tree growth 
117 
nutrient-poor versus the more fertile soil. As a second strategy, optimal fitness could 
be realised by doubling fine-root mass at a constant SRL; on the poor soil, a minimum 
fine-root mass of 0.24 kg m-3 was required for an optimal fitness compared to 0.13 kg 
m-3 on the fertile soil. On both soils, however, this required a SRL of 200 m g-1 which is 
very high compared to empirical observations on forest trees. Qualitatively, our model 
thus identified two alternative strategies that led to equal fitness under nutrient 
limitations: via an increase in SRL or in fine-root mass. Quantitatively however, 
especially the limits to SRL under field conditions may need further study to better 
understand how SRL drives tree uptake and fitness.  
The importance of a high SRL on poor soils for plant fitness is in line with our 
hypothesis and previous work (Ostonen et al. 2007b). However, other studies 
demonstrated a negative or no response of SRL to the soil resource environment (e.g. 
Fahey and Hughes 1994; George et al. 1997; Espeleta and Donovan 2002; Leuschner et 
al. 2004; Ostonen et al. 2007a; Meier and Leuschner 2008). In our empirical plasticity 
study, SRL also did not differ between F. sylvatica and P. abies (Chapter 4). Instead, 
both species strongly increased their (relative) fine-root mass on the poor, sandy soil 
compared to the rich clay soil (Chapter 4), which corresponds to the second strategy 
derived from our model.  
The model also shows that the fine-root : leaf mass ratio was higher on the poor 
(scenario III) than on the more fertile soil (scenario II), particularly in the net carbon 
gain optimum, where it doubled from 2 to 4 (Appendix 5.2b,c). This outcome 
qualitatively agrees with the functional equilibrium hypothesis (Brouwer 1963). 
Quantitatively, these modelled fine-root : leaf mass ratios (mostly between 0 and 15) 
had the same order of magnitude as reported for the total (i.e. including coarse roots) 
fine-root : leaf mass ratios in temperate forests (that is, 4 – 7; Poorter and Nagel 2000; 
Poorter et al. 2012). However, our predicted fine-root : leaf mass ratios widely varied 
for different combinations of fine-root mass and SRL, and were considerably larger on 
the poor soil at low SRL-values than empirically observed.  
Nonetheless, for our study trees, this increase in fine-root mass still resulted in a 
negative carbon balance according to our model (Figure 5.3c). In this third scenario 
too, mycorrhizal fungi may explain the differences between model and empirical 
outcomes. We experimentally measured a strong increase in mycorrhizal mycelium 
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Chapter 5 
118 
the thin, efficient fungal hyphae we found in the field to the model may shift our study 
trees towards a positive carbon balance in our fitness landscape.  
Whereas the trade-off between SRL and fine-root lifespan introduced a new root-
trait niche for optimal growth (compare scenarios I and II), this niche is less 
pronounced when nutrient levels are reduced (scenario III). Trees with a high fine-root 
mass and low SRL did not acquire sufficient nutrients from these poor soils to 
maintain photosynthetic rates, so that the respiration and turnover costs of a large 
fine-root mass exceeded carbon gain. In fact, the absolute net carbon gain as well as 
the area that marks a positive carbon balance are reduced compared to scenario II. For 
example, on the fertile soil (scenario II), a fine-root mass of 0.25 kg m-3 and a SRL of 50 
m g-1 resulted in a net carbon gain of 0.25 kg d-1. On the poor soil (scenario III), the 
same root-trait combination resulted in a net carbon gain of 0 kg d-1. Similar fine-root 
trait combinations thus resulted in a lower net carbon gain on the nutrient-poor 
compared to the more fertile soil, simply because nutrient uptake per root uptake-area 
is lower.  
Perspectives on whole-tree modelling
Our study shows how whole-tree models may yield qualitative, mechanistic insights in 
tree fitness, but also highlights several focal points for future whole-tree modelling 
work. In the first place, quantitative tests of these models are still largely constrained 
by the availability of belowground data. In this study, model parameterization was 
particularly difficult for root uptake capacity, which is notoriously little quantified, 
especially for forest trees. More extensive quantification of basic fine-root uptake 
parameters is paramount. Such quantitative data combined with whole-tree growth 
models will offer more mechanistic insights in the drivers of belowground traits and 
their effects at the whole-tree level. 
Secondly, the question is which soil (a)biotic properties need to be included in a 
most parsimonious whole-tree growth model. Forest soils are characterised by large 
spatial and temporal variation in e.g. the availability of different nutrient elements, soil 
density, pH, organic matter content, and mycorrhizal fungi. Consequently, roots are 
heterogeneously distributed throughout the soil too. To specifically study root trait 
effects on growth, we chose to exclude such soil properties in our model, and assumed 
a homogeneous distribution of fine roots and soil resources instead. Furthermore, we 
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only studied changes in nutrient availability but not water availability, which may have 
differential effects on fine-root traits and tree fitness, and may interact with nutrient 
availability. This way, our model system offers a simplified but more mechanistic 
perspective on above- and belowground resource uptake and use, and their integrated 
impact on tree growth. Nevertheless, the discrepancies between modelling and empirical 
tree root trait expression may partly result from the substantial impact of different soil 
characteristics on fine-root traits and their distribution throughout the soil.  
This study particularly identifies mycorrhizal fungi as an important parameter in 
whole-tree growth models. Brzostek et al. (2014) for instance also demonstrated how 
including mycorrhizal interactions strongly improved model predictions of the carbon 
costs of nitrogen uptake across forest sites. Mycorrhizal hyphae could be modelled 
analogously to fine roots, i.e. with a certain mass density, specific hyphal length, 
turnover rates, uptake capacity and respiration cost. It should however be considered 
that the nutritional benefits and carbon costs of mycorrhizal symbiosis to the host tree 
are still partly uncertain. The construction costs of hyphae have been assumed to be 
approximately 10% higher than those of roots (Eissenstat 1992), but this strongly differs 
between fungal species (Agerer 2001; Bidartondo et al. 2001). At the whole-tree level, 
Hobbie and Hobbie (2008) demonstrated that trees may allocate around 20 % of their 
net primary productivity to mycorrhizal fungi. However, to what extent these 
mycorrhizal carbon investments influence the tree’s carbon balance is unclear as the 
carbon-sink strength and therefore photosynthetic rates, may also increase with 
mycorrhizal carbon requirements (Dosskey et al. 1990; Corrêa et al. 2012). 
Incorporating mycorrhizal fungi in whole/tree models thus not only requires more 
data on mycorrhizal traits, but also more functional insights in how they interact with 
the tree in terms of uptake and carbon costs. 
Conclusions
This study explores how nutrient acquisition and tree fitness can be explained by 
belowground traits using a mechanistic whole-tree model. We examined the 
interactions between fine-root mass, SRL and fine-root lifespan and determined their 
integrated impact on fitness. At a first glance, SRL seems a main driver of tree resource 
acquisition and fitness, even when considering the short lifespan of high-SRL roots. 
Empirically though, the modelled optimal SRL in terms of fitness seems too high to be 
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realised for many temperate tree species, possibly due to (soil) environmental 
constraints to SRL. As an alternative strategy, trees may therefore increase their fine-
root mass rather than their SRL to enhance fitness, in spite of the (assumed) higher 
carbon costs involved. Moreover, our model indirectly highlights the importance of 
mycorrhizal symbiosis for understanding and explaining the nutrition and fitness of 
large forest trees. In order to grasp inter- and intraspecific variation in tree fitness and 
environmental site preferences, it is important to recognise that these different 
belowground uptake strategies can lead to similar performance.  
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Tree growth and resource acquisition
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Variation in growth and fine-root traits across tree species
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Pearson r
Tree growth
rate
Drought sensitivity Plant strategy
precipitation groundwater
Fine-root mass -0.37 -0.37 0.07 0.44
Fine-root SRL 0.57 0.29 -0.47 -0.60
Fine-root tissue density -0.06 0.10 0.03 0.22
Mean rooting depth 0.26 0.11 0.06 -0.04
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Pearson r
Tree growth
rate
Drought sensitivity Plant strategy
precipitation groundwater
Fine-root mass -0.37 -0.37 0.07 0.44
Fine-root SRL 0.57 0.29 -0.47 -0.60
Fine-root tissue density -0.06 0.10 0.03 0.22
Mean rooting depth 0.26 0.11 0.06 -0.04
  Ǧ    ǯ   
ȋ͢Ǥ͝ȌǤȋ	ǤǤ
ȌȋǤǤȌǦ
     Ǧ Ǥ 	ǡ 

 ǡǡ
ǡǤǡ	Ǥȋ	͢Ǥ͞ȌǤ
        Ǣ ǡ   
ǤǡǡǦ
͜͝Ǥ
          
            Ǧ
 Ǥ ǡ       Ǧ  


͟͝͝

ǡ ǡ
ǡȋ±Ǥ͜͜͢͞Ȍǡ
Ǥǡ
         Ǧ ǡ
Ǥ
    Ǥ   ǡ
ǡ    Ǧ ǡ     
Ǥ
A root economics spectrum to explain interspecific variation 
in fine-root traits? 
	      Ǧ ǡ    
Ǧȋ͟ȌǤ
    ǡ      Ǯ 
 ǯ ȋǢǤ͜͜͞͠ȌǤ 
ȋǤͥͥ͝͞ǢǤ
ͥͥͥ͝ǢǤ͜͜͞͠ȌǤ
    ȋǡ   Ȍǡ  
 ǡ   Ǥ ǡ  
ǡǦǡ
ȋǤͥͥ͝͞ǢǤͥͥͣ͝ǢǤ͜͜͞͠ȌǤ
   ǡ         
 ȋȌ  Ǧ      ǡ ǡ  
ȋ͜͞͝͠ȌǤǦ
       Ǥ

Ȃ
   ǡ     ȋ ͜͞͝͠ȌǤ 
ǡǦ
    Ȃ        
Ǥ 
ͦ
͟͝͞

   ǡ         
Ǥ  ͟ǡ      Ǧ  
 ǡ        Ǧ
ǡǤ
  ǡ Ǧ      Ǥ 
Ǧǣ
Ǧ
ȋͥͥͣ͝ȌǤǡǡ
Ǥ	ǡ͜͝
   ǡ Ǧ        
ǡȋ͢Ǥ͝ȌǤ
ȋ͟Ȍ
ǡ          Ǥ  
ǡǡ
Ǥ	ǡ
        ǡ     
ȋǤ
͜͞͝͞ȌǤ ǡ    Ǧ ǡ    ǡ 
Ǥ 	 ǡ        
 ǡ      Ǧ 
  Ǧ       Ǥǡ   
 ǡ         
 ǡ      Ǥ Ǧ
Ǧ  

ǡǤ
ǡ
       Ǧ ǤǦ
  Ǥ ȋ͜͢͞͝Ȍ   Ǯ  ǯǤ 
ǡ
   ǡ 
    ȋǦ  Ǥ ͜͢͞͝ȌǤ   

    Ǥ       


͟͟͝

ǡǡ
   ȋ͟ȌǤ  ǡ ǡ ǡ
    Ǧ      ͟
ȋǤ͜͞͝͝Ǣ±͜͢͞͝ǢǦ͜͢͞͝ȌǤ
           
 Ǧ Ǥ 	   
           
   ȋǦ͜͢͞͝Ȍǡ
ȋ͟Ǣ±͜͢͞͝ȌǤ	ǡ
Ǧ͜͝
Ȁ
ǦǢǦ
Ǥ
  ȋ ͜͞͝͠Ȍǡ     Ǥ    
    
     Ǥ ǡ  Ǧ
         ǡ 
ǡǦǤ
Variation in fine-root traits and growth within species
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General conclusion: The role of fine-root traits in tree growth
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General conclusion: The role of fine-root traits in tree growth
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